Introduction {#S1}
============

Proteinuria, manifested predominantly as albuminuria, is not only a marker but also a known risk factor for progressive glomerular disease.^[@R1],\ [@R2]^ In this context, albumin-overload in animals is an excellent model to study the structural, pathological and molecular changes in renal diseases.^[@R3]-[@R6]^ Although tubulointerstitial injury has been an area of extensive focus in such animal models, there have been very few studies to date of the molecular changes in podocytes, despite the observed structural and pathological changes.^[@R3],\ [@R4],\ [@R6],\ [@R7]^ Moreover, while *in vitro* studies have shed light on the role of serum albumin (SA) along with its bound factors \[i.e. fatty acids (FA) etc.\] as mediator of proximal tubule cell (PTC) injury, its molecular effects on podocytes are less well understood.^[@R2],\ [@R8]^ Reported responses of podocytes to SA include albumin endocytosis,^[@R9]^ increased TGF-β and p38 MAPK signaling and loss of synaptopodin,^[@R10],\ [@R11]^ apoptosis in association with CD2AP down-regulation and endoplasmic stress,^[@R12]^ TRPC6-mediated intracellular Ca2+ increase,^[@R13]^ increased MMP-2 and MMP-9^[@R14]^ and modulation of the endothelin-1 gene with actin cytoskeleton reorganization.^[@R15]^

We recently reported increased COX-2 expression in podocytes in response to SA, which was p38 MAPK-dependent.^[@R16]^ COX-2 is a key inducible enzyme of the anabolic cascade of the prostanoid pathway that plays an important role in inflammatory responses, vascular tone, salt/water balance, renin release and in podocyte physiology.^[@R17]^ Moreover, COX-2 expression is transient and regulated at multiple levels, including transcription, mRNA stability, protein synthesis and degradation.^[@R18]^ Abnormally expressed COX-2 has been implicated to play a role in inflammatory disorders, cancer, neurodegenerative diseases and renal injury.^[@R17],\ [@R19]^ Increased COX-2 expression in renal cortex and podocytes has been reported in the rat renal ablation model,^[@R20]^ human acute renal allograft rejection,^[@R21]^ *in vivo* glomerular injury models,^[@R22]-[@R25]^ and *in* *vitro* by prostaglandin E2 and mechanical stress.^[@R26]^ Additionally, mice with COX-2 overexpressing podocytes demonstrate increased susceptibility to renal injury in adriamycin, puromycin aminonucleoside (PAN) and diabetic nephropathy (DN) models and treatment with COX-2 specific inhibitor ameliorates albuminuria in these renal injury models.^[@R23]-[@R25]^

Glucocorticoids (GCs) and thiazolidinediones (TZDs) are the standard therapeutic modalities for nephrotic syndrome (NS) and type II diabetes, respectively.^[@R27],\ [@R28]^ Both GCs and TZDs (rosiglitazone, Rosi; and pioglitazone, Pio) have been demonstrated to reduce kidney injury in various experimental models, including PAN-induced nephropathy.^[@R29],\ [@R30]^ MAPKs are also known to play crucial roles in the progression of various glomerulopathies, and their inhibition is emerging as a promising therapeutic area for renal diseases.^[@R31]^ We and others have previously shown that GCs, TZDs and MAPK inhibitors all provide direct protective effects against injury in podocytes.^[@R16],\ [@R32]-[@R36]^ However, the molecular signaling mechanisms responsible for this protection remain elusive, and the possibility that COX-2 may mediate these effects has not previously been explored.

We thus hypothesized that SA-overload induces pro-inflammatory and stress responses which play a role in the pathogenesis of the glomerular/podocyte injury, and that regulation of COX-2 in particular is associated with SA-induced injury and protection by GCs, TZDs and MAPK inhibitors. To test this hypothesis we analyzed the COX-2, pro-inflammatory and stress responses in glomeruli from SA-overload rats and in cultured mouse podocytes, explored the specific signaling pathways involved, and determined the ability of known or potential treatments for podocyte injury to down-regulate COX-2 expression. We also hypothesized that the SA-associated factors such as fatty acids contribute to SA-mediated podocyte injury and tested this hypothesis by identifying specific SA-associated factors contributing to proteinuria, podocyte damage and COX-2 induction upon SA-overload.

Results {#S2}
=======

SA-Overload in Rats Induces Proteinuria and Glomerular Expression of COX-2, Pro-Inflammatory and Stress Genes {#S3}
-------------------------------------------------------------------------------------------------------------

Glomerular injury was induced in the BSA-injected rats, as they developed robust proteinuria and albuminuria, which peaked on days 4-5 ([Figure 1A, B, C](#F1){ref-type="fig"}). Control rats did not show any albumin excretion in the urine. Glomerular gene expression profiles of SA-overload rats showed induction of COX-2, as well as pro-inflammatory signaling and stress response genes (described in [Table I](#T1){ref-type="table"}) on day 5 after BSA injections ([Figure 1D](#F1){ref-type="fig"}). COX-2 and MCP-1 were induced \~3 fold, CXCL1 was induced \~2 fold and HSP25 \~1.3 fold. Expression of B7-1, ICAM-1, TNFα, and HSP70i was not altered compared to the control group, and the expression of MIP-2 and CXCL5 could not be detected in either group.

These results indicate that induction of proteinuria in SA-overload rats was associated with induction of COX-2 and several pro-inflammatory and stress response genes.

SA Induces COX-2, Pro-Inflammatory and Stress Genes in Cultured Podocytes {#S4}
-------------------------------------------------------------------------

We extended our *in vivo* findings to an *in vitro* model of SA-overload using differentiated mouse podocytes and studied the SA response and COX-2 induction in greater detail. We found that BSA induced COX-2, MCP-1, CXCL1 and HSP25 genes in cultured podocytes ([Figure 2A](#F2){ref-type="fig"}), as was also observed in rat glomeruli. COX-2 induction was robust (\~30 fold) at both 4 and 24 h in podocytes. We also observed \~10 fold induction of B7-1 and HSP70i at 24h. Consistent with the results in rat glomeruli, no significant induction of ICAM-1, MIP-2, TNFα or CXCL5 was detected in podocytes.

When cultured in medium supplemented with 10% FBS (\~3.0 mg/ml BSA), podocytes expressed low levels of COX-2 protein, which was further reduced following serum-starvation ([Figure 2B](#F2){ref-type="fig"}). In either culture condition, massive induction of COX-2 was observed in the presence of 40 mg/ml BSA (as well as lower concentrations, as shown below), which corresponds to physiologic concentrations of SA in human plasma (\~3.5-5 g/dl). Moreover, COX-2 protein was induced in a time-dependent manner, peaking 4-6 h after exposure to either BSA or human SA (HSA) ([Figure 2C](#F2){ref-type="fig"}). Importantly, exposure to equimolar amounts of ovalbumin (OVA; an unrelated albumin), did not induce COX-2. Moreover, COX-2 was induced by BSA in a concentration-dependent manner ([Figure 2D](#F2){ref-type="fig"}).

Taken together, these data suggest that podocytes respond to SA with a strong induction of COX-2 and moderate induction of several pro-inflammatory and stress genes. Both BSA and HSA induce COX-2 comparably, ruling out species differences, and induction appears to be specific to SA, since OVA did not induce COX-2.

SA and LPS Elicit Disparate COX-2 and Pro-Inflammatory Response in Podocytes {#S5}
----------------------------------------------------------------------------

LPS has been shown to induce pro-inflammatory responses via the TLR4 receptor in many cell types, including podocytes.^[@R37],\ [@R38]^ To exclude the possibility of SA effects due to LPS contamination, we measured the endotoxin units (EU) in the BSA used, which was found to be very low (0.025 EU/mg of BSA) and comparable to endotoxin levels in the commercial endotoxin-free BSA.

Furthermore, we measured the expression profile of COX-2 and several pro-inflammatory genes following 1 μg/ml LPS treatment (\~5000 EU/ml) ([Figure 3](#F3){ref-type="fig"}). At 4 or 24h after the treatment, LPS induced B7-1, MCP-1, ICAM-1, CXCL1, and CXCL5 (2 to 6 fold) but not COX-2, MIP-2 or TNF-α. Even high concentrations of LPS (0.05 ng/ml to 1 mg/ml), failed to induce COX-2 (Supplementary Figure 1). TLR4 expression was confirmed in these podocytes, the levels of which remained unaltered following SA or LPS treatment (Supplementary Figure 2). In addition, using alveolar macrophages as a reference cell line, we demonstrated that COX-2, MCP-1 and TNF-α were greatly induced by the same LPS (026:B6 at 1 μg/ml) that did not produce detectable effects in podocytes (Supplementary Table I). Other LPS serotypes (0127:B8 and 0111:B4) also induced COX-2 in alveolar macrophages. TLR4 expression was found to be \~8 times greater in macrophages than podocytes, which decreased following LPS stimulation (Supplementary Figure 2).

Thus SA and LPS have disparate effects on the pro-inflammatory response in podocytes, and COX-2 induction is a specific response to SA.

SA Stabilizes COX-2 mRNA {#S6}
------------------------

In addition to transcription, COX-2 expression is known to be regulated by its mRNA stability via the AU-rich elements (ARE) in the 3'UTR.^[@R18],\ [@R39]^ To determine the ability of SA to regulate COX-2 mRNA stability, cells were treated with actinomycin D to inhibit nascent mRNA synthesis after exposure to BSA or media alone. BSA exposure resulted in increased stability of COX-2 mRNA, with a significantly longer half-life (t1/2 = 6 h) compared to media control (t1/2 = 1.8h) ([Figure 4](#F4){ref-type="fig"}). Thus, our data suggest that physiologic concentrations of SA have the ability to regulate COX-2 mRNA stability, as well as transcription.

Signaling Pathways Involving Kinases Mediate COX-2 Induction by SA {#S7}
------------------------------------------------------------------

To identify the signaling pathways involved in regulating SA-induced COX-2, we first demonstrated the activation of various MAPK pathways in response to BSA, as seen by increased phosphorylation of p38 MAPK, ERK1/2 and JNK/SAPK ([Figure 5A](#F5){ref-type="fig"}). p38 MAPK activation led to phosphorylation of its downstream kinase, MK2, and its major substrate, HSP25. Subsequently, the contribution of these MAPK pathways to SA-induced COX-2 regulation was determined using specific inhibitors of these kinases. Inhibition of ERK1/- and p38 MAPK, but not JNK/SAPK, resulted in down-regulation of BSA-induced COX-2 ([Figure 5B](#F5){ref-type="fig"}). MK2 inhibition also resulted in partial down-regulation of BSA-induced COX-2. Moreover, we confirmed the effectiveness of these inhibitors by analyzing the phosphorylation status of ERK1/2 and the downstream substrates MK2 (for p38 MAPK), HSP25 (for p38MAPK and MK2) and c-Jun (for JNK/SAPK) in the presence of the inhibitors (data not shown).

Due to the well-defined abilities of p38 MAPK and MK2 inhibitors to provide podocyte protection,^[@R16]^ we studied their abilities to down-regulate COX-2 mRNA in the presence of SA in greater detail. Both p38 MAPK and MK2 inhibitors reduced BSA-induced COX-2, which was dependent on the BSA concentration ([Figure 5C](#F5){ref-type="fig"}). Additionally, the roles of AMPK, NFκB and PKC in SA-induced COX-2 were demonstrated by the abilities of their inhibitors to down- regulate BSA-induced COX-2, albeit to different degrees ([Figure 5D](#F5){ref-type="fig"}).

In summary, a number of signaling pathways contribute to the regulation of SA-induced COX-2, including the ERK1/2, p38 MAPK, MK2, AMPK, PKC and NFκB pathways.

Glucocorticoids and Thiazolidinediones Inhibit SA-Induced COX-2 {#S8}
---------------------------------------------------------------

We and others have previously demonstrated the direct protective effects of both GCs and TZDs on podocytes.^[@R32]-[@R36]^ To determine if these protective agents can inhibit SA-induced COX-2, podocytes were pre-treated with dexamethasone (Dex), and the PPARγ agonists Rosi and Pio for 24 h prior to BSA exposure. While Dex and Pio inhibited BSA-induced COX-2 nearly completely, Rosi only partially inhibited COX-2 protein ([Figure 6A](#F6){ref-type="fig"}). Dex and Pio also inhibited BSA-induced COX-2 mRNA, while Rosi had no effect ([Figure 6B](#F6){ref-type="fig"}).

These results suggest that the known protective effects of GCs and TZDs may be mediated, at least in part, via COX-2 inhibition. Additionally, the observed drug-specific differences support the possibility of COX-2 regulation both at the transcriptional and post-transcriptional levels.

SA-Associated Factors Contribute To COX-2 Induction in Podocytes {#S9}
----------------------------------------------------------------

To determine the contribution of SA *per se* or SA-associated factors (SAAFs) in COX-2 induction, podocytes were exposed to various forms of SA, and SA disassociated from selective factors ([Figure 7A, B](#F7){ref-type="fig"}).

Charcoal-treated BSA (FA and endotoxin-free) and BSA depleted of FA (together with globulins) resulted in moderate induction of COX-2 mRNA, although COX-2 protein was not detectable ([Figure 7A, B](#F7){ref-type="fig"}). Similar results were also obtained with charcoal-treatment of HSA and BSA according to the previously described protocol (data not shown).^[@R40]^ Use of commercial endotoxin-free BSA did not diminish the COX-2 inducing activity. Recombinant HSA made in yeast (rHSA) resulted in no detectable COX-2 protein induction, while mRNA was induced at low but significant levels. Specific depletion of globulins, glycoproteins and low-molecular- mass filtrate fraction (\<20kDa) from BSA preparations did not have any diminishing effect on COX-2 induction by BSA and free FA in the absence of albumin did not induce COX-2 (data not shown).

Collectively, these data are informative with regard to the nature of SAAFs responsible for COX-2 induction: i) Globulins, endotoxins, glycoproteins and low molecular weight molecules (\<20kDa) in BSA preparation are unlikely to contribute to COX-2 induction in podocytes, and ii) FA/lipds may be one of the candidate SAAFs partially contributing to COX-2 induction.

Fatty Acids Complexed with SA Contribute to COX-2 Induction in Podocytes {#S10}
------------------------------------------------------------------------

To identify the role and nature of fatty acids (FA) complexed with SA in contributing to COX-2 induction, podocytes were exposed to several specific FAs in the presence of FA-free BSA. FA-free BSA complexed with arachidonic acid greatly enhanced the modest COX-2 induction seen with FA-free BSA, while lauric acid had lesser effect and oleic acid did not show any effect at 1mM concentration ([Figure 8](#F8){ref-type="fig"}). At higher concentration (10mM) oleic acid (+ FA-free BSA) did enhance COX-2 induction, but both lauric acid and arachidonic acid induced podocyte viability loss (data now shown). FA supplement complexed with FA-free BSA enhanced COX-2 induction greatly and in a dose-dependent manner ([Figure 8](#F8){ref-type="fig"}).

Delipidation of SA Attenuates Proteinuria and Podocyte Damage {#S11}
-------------------------------------------------------------

To determine the role of FA complexed with SA in inducing proteinuria in vivo, we compared proteinuria in control rats and those treated with BSA and FA-free BSA. BSA-treated rats developed massive albuminuria and significant proteinuria as compared to control rats ([Figure 9](#F9){ref-type="fig"}). In contrast, FA-free BSA treated rats did not develop significant proteinuria or albuminuria as compared to control rats ([Figure 9A, B. C](#F9){ref-type="fig"}). Furthermore, to compare podocyte injury induced by SA to that of delipidated-SA, podocytes were exposed to BSA and FA-free BSA and cell viability analyzed. Exposure to BSA resulted in significantly greater loss of podocyte viability in a time-dependent manner compared to either FA-free BSA or control ([Figure 9D](#F9){ref-type="fig"}).

Discussion {#S12}
==========

In the present study, we used both in vivo and in vitro models of SA overload to test the hypothesis that exposure to SA, along with its associated factors, induces podocyte expression of COX-2, podocyte injury, and proteinuria. We found that in both rat glomeruli and cultured mouse podocytes, SA-overload induced expression of COX-2, the pro-inflammatory genes MCP-1 and CXCL1 and the stress gene HSP25 and further delineated the signaling pathways involved. Notably, SA-induced COX-2 was down-regulated by glucocorticoids and thiazolidinediones, both of which are known to directly protect podocytes against injury. Furthermore, specific SA-associated fatty acids were identified as important contributors to COX-2 induction, proteinuria and podocyte injury. Together, these findings associate COX-2 with podocyte injury during albuminuria, as well as with the known podocyte protection imparted by glucocorticoids and thiazolidinediones. Moreover, podocyte injury, COX-2 induction, and albuminuria appear mediated in part by SA--associated fatty acids.

There are several reports indicating a strong relationship between SA-overload and tubulointerstitial injury in rats and mice, characterized by a pro-inflammatory response, infiltration by macrophages and lymphocytes, tubular atrophy and interstitial fibrosis.^[@R5],\ [@R6],\ [@R41],\ [@R42]^ Such infiltration by immune cells is not evident in glomeruli, but there is an increase in IgG, IgM and C3 and C5 antigens in the glomeruli, which become enlarged, while podocytes undergo effacement and detachment from the basement membrane. ^[@R3],\ [@R4],\ [@R6],\ [@R7],\ [@R43]^ Despite the observed glomerular structural and pathological changes, the molecular changes in glomeruli following SA-overload have not been studied in detail. A few relevant studies report increased osteopontin expression in the renal cortex and TNF-α and IL-1β induction in the glomeruli of BSA-injected rats and mice, respectively.^[@R41],\ [@R44]^ Since the glomerular lesions following SA-overload in mice are mild compared to rats, we specifically studied the molecular responses in the glomeruli of SA-overload rats,^[@R6],\ [@R43]^ and found induction of COX-2, pro-inflammatory genes, MCP-1 and CXCL1, and stress gene HSP25. We speculate that these responses may play a role in the pathogenesis of the ensuing glomerular lesions. Glomerular COX-2 induction in the SA-overload model is consistent with prior findings of COX-2 induction in the glomeruli during renal injury in both humans and in experimental models.^[@R20]-[@R25]^ Moreover, COX-2 over-expression in podocytes is known to make them susceptible to further injury.^[@R23]-[@R25]^ Glomerular expression of MCP-1 correlates with renal damage in both inflammatory and non-inflammatory models of glomerular injury,^[@R45]^ and its up-regulation in podocytes leads to increased cell motility and albumin permeability.^[@R46]^

We also utilized the *in vitro* SA-overload model in podocytes to analyze the expression of pro-inflammatory genes and to study the molecular mechanism of COX-2 regulation in podocytes in greater detail. Although the effects of SA or SAAFs on PTCs have been extensively studied, there are relatively few reports in podocytes. It has also been suggested that the intrinsic pro-inflammatory signaling in podocytes might contribute to the progression of albuminuria.^[@R47]^. Proximal tubule cells have been reported to reabsorb physiologic amounts of albumin in the primary urine,^[@R48]^ and albumin-overload in PTCs results in the activation of various molecular signaling pathways and production of chemo-attractants, pro-fibrotic agents and matrix proteins which ultimately result in interstitial inflammation and fibrosis.^[@R2]^ The role of TGF-β, endothelin-1, p38 MAPK, MMP-2, MMP-9, CD2AP, GRP78 and TRP6 signaling in podocytes upon albumin-exposure has been well-documented.^[@R10]-[@R15]^ Additionally, exposure to SA results in direct podocyte injury, involving reorganization of the actin cytoskeleton, apoptosis and loss of cell viability.^[@R10],\ [@R11],\ [@R15]^ In the current study we observed a massive induction of COX-2 and significant induction of B7-1, MCP-1, CXCL1, HSP25 and HSP70i in podocytes exposed to SA. We also observed SA concentration-dependent COX-2 induction, suggesting that even subtle increases in SA concentrations in the urinary space (such as during the initial phases of albuminuria or during chronic progressive glomerular disease) can result in increased COX-2 expression in podocytes. Furthermore, COX-2 induction could be a part of a stress response, as its expression has recently been shown to be regulated by heat-shock transcription factors which typically act on the promoters of stress genes.^[@R49]^ Consistent with this, we found induction of both HSP25 and HSP70i in podocytes. Thus, in addition to COX-2, induction of these pro-inflammatory and stress molecules suggest additional potential molecular mechanisms by which SA may have detrimental effects on podocytes.

Albumin is the most prevalent protein in blood, and it binds and transports many different kinds of molecules, including FAs, hormones, vitamins, bile acids, cations, bilirubin etc. In light of this, we further studied the induction of COX-2 using various forms of SA, and SA treated in various ways to selectively dissociate it from specific factors. We excluded the role of endotoxins, glycoproteins, globulins, low molecular weight compounds (\<20kDa) and free FAs alone in inducing COX-2 in podocytes, in contrast to the known effects of some of these substances in other cells.^[@R50],\ [@R51]^ Recombinant, FA-free and charcoal-treated SA reduced the COX-2 mRNA induction to low levels and protein induction to undetectable levels, suggesting that FA may be the key SAAF contributing to COX-2 induction by SA. Furthermore, we found that the addition of a FA supplement containing a mixture of FA and arachidonic acid complexed with SA, restored the ability of SA to strongly induce COX-2 expression. Of even greater potential interest, we also found that FA-free BSA induced significantly less podocyte injury in cultured cells, and less proteinuria and albuminuria in rats, than standard BSA. This observation provides direct confirmation of the previously reported theory that the renal toxicity of filtered SA depends on its lipid moiety.^[@R52],\ [@R53]^ In vivo, podocytes exposed to SA is likely associated with many factors rather than free albumin molecule, since SA associates with 99% of the FA in plasma. Also consistent with our findings, it has been reported that FA associated with SA and not the SA molecule per se, lead to podocyte apoptosis and necrosis,^[@R8]^ tubulointerstitial injury in vivo^[@R53]^ and detrimental effects in PTCs.^[@R2]^ Overall, our findings suggest that fatty acids, primarily arachidonic acid, contribute significantly to the SA-induced injury to podocytes.

Both SA and LPS stimulation resulted in induction of B7-1, which has been shown to be critically associated with NS and induced by LPS and PAN in podocytes.^[@R37]^ However, we found that the COX-2 induction was a specific response to SA, but not to LPS, in podocytes. LPS induced CXCL1, CXCL5, B7-1 and ICAM-1 while SA did not induce CXCL5 and ICAM-1. Increased CXCL-1 and CXCL-5 expression has also been reported to be induced by LPS in podocytes.^[@R54]^ In summary, the gene expression profile of COX-2 and other pro-inflammatory molecules in podocytes was found to be disparate between LPS and SA treatments. In support of this, a recent study has also identified disparate pro-inflammatory effects of LPS and PAN in podocytes, suggesting the role of complementary pathways in disease induction.^[@R38]^

The nonsteroidal anti-inflammatory drugs inhibit COX-2 directly, but they have been associated with renal abnormalities in \~ 1-3% of cases.^[@R55]^ The use of COX-2 selective inhibitor, celecoxib is however, controversial. Despite its known renal side effects,^[@R56],\ [@R57]^ it has also been shown to be protective in NS in some cases. ^[@R58],\ [@R59]^ Selective COX-2 inhibitors have been shown to reduce proteinuria and foot process effacement in Adriamycin-induced, PAN-induced and diabetic nephropathy animal models, ^[@R60],\ [@R24],\ [@R23],\ [@R25]^ and to attenuate podocyte death in vitro.^[@R61]^ In this context, our data also suggests that the COX-2 inhibitor, celecoxib, may have beneficial effects in reducing SA-induced injury to the podocyte actin cytoskeleton (Supplementary Figure 3).

Our data suggest that COX-2 is regulated by a complex signaling network in podocytes which can be activated by SA with its (i.e. SAAFs) inhibited by GCs and TZDs (*[Figure 10](#F10){ref-type="fig"}*). SA-induced COX-2 is also down-regulated by inhibitors to several kinases (p38 MAPK, ERK1/2 and MK2) which have also been shown to protect podocytes and reduce proteinuria in various models of glomerular disease.^[@R16],\ [@R31]^ Inhibition of ERK1/2 in colorectal tumor cells^[@R62]^ and of both p38 MAPK and ERK1/2, but not JNK/SAPK in intestinal epithelial cells^[@R63]^ has been reported to down-regulate COX-2 expression. Similarly, a JNK/SAPK inhibitor did not block SA-induced COX-2 in podocytes in our study, although inhibition of JNK/SAPK has been shown to reduce COX-2 expression in macrophages.^[@R64]^ Furthermore, upon activation of the p38 MAPK signaling cascade, phosphorylated HSP25 has been shown to bind ARE in the 3'UTR of COX-2 and alter its stability.^[@R39]^ Consistent with this, we also observed an increase in the COX-2 mRNA stability with SA exposure, along with simultaneous phosphorylation of p38 MAPK, MK2 and HSP25. Additionally, we and others have previously shown the protective effects of GCs and TZDs in podocytes and their ability to attenuate MAPK signaling.^[@R16],\ [@R32]-[@R36],\ [@R65]^ GCs and TZDs have also been reported to inhibit COX-2 in certain cell types,^[@R65],\ [@R66]^ but to up-regulate COX-2 in other cell types via the mediation of CCAAT/enhancer binding protein-β with GCs and by the action of TZDs on the PPRE element in the COX-2 promoter region.^[@R67],\ [@R68]^ In the present study, we found that GCs and TZDs inhibit SA-induced COX-2 in podocytes. Moreover, we found increased expression of the p65 subunit of NFκB in SA-exposed podocytes (data not shown). Activated receptors for GCs and TZDs bind to NFκB and block the expression of pro- inflammatory molecules, including COX-2, via their trans-repression activities.^[@R69]^ Involvement of AMPK, p38 MAPK and PKC in SA-induced COX-2 also indicates the possibility of stimulation of G-protein coupled receptor pathways by SA in podocytes.^[@R26],\ [@R61]^ Furthermore, reduction of SA-induced COX-2 by GCs and TZDs in podocytes may also be mediated via AMPK and PKC pathways, respectively, as reported in other cell types.^[@R70],\ [@R71]^

In summary, our study suggests that podocyte exposure to SA, as occurs during glomerular disease, induces COX-2 as well as other pro-inflammatory and stress molecules in both glomeruli *in vivo* and in podocytes *in vitro*. Moreover, SA-induced COX-2 was inhibited by GCs and TZDs, both of which directly protect podocytes against injury. Together, these findings associate COX-2 with podocyte injury during albuminuria, as well as with the known podocyte protection imparted by GCs and TZDs. Moreover, podocyte injury, COX-2 induction, and albuminuria appear mediated in large part by specific SA--associated fatty acids.

Concise Methods {#S13}
===============

Albumin overload model in rats {#S14}
------------------------------

We followed the established protocol for the SA-overload model in rats with minor modifications,^[@R4],\ [@R72]^ and the study was performed in accordance with the animal protocols approved by the Institutional Animal Care and Use Committee. After sacrificing the rats on day 5, the kidneys were harvested, glomeruli isolated and total mRNA was extracted. Detailed protocols of animal study are shown in Supplementary Materials online.

Podocyte culture and treatments {#S15}
-------------------------------

The conditionally immortalized mouse podocyte cell line (MPC-5) was cultured as previously described.^[@R32]^ For exposure to SA, differentiated podocytes were incubated with different kinds of purified bovine or human serum albumin (BSA, HSA) following which the cells were harvested and processed for total mRNA and protein extraction. BSA and HSA used in this study were all from Sigma (St Louis, MO); BSA (A7906), charcoal-treated FA/endotoxin-free BSA (A8806), FA/globulin-free BSA (A7030), endotoxin-free BSA (A9430), globulin-free BSA (A2058), HSA (A1653), FA- free HSA (A1887) and recombinant HSA made in yeast (A7736). The individual FAs (Nu-check Prep, Elysian, MN) and FA supplement (Sigma; F7050) were complexed with FA-free BSA (A8806) before treating podocytes. Detailed protocols for cell culture experiments and reagents used are described in Supplementary Materials online.

RNA extraction and real time polymerase chain reaction {#S16}
------------------------------------------------------

Total RNA was extracted from podocytes or glomeruli and used for quantitative reverse transcription-polymerase chain reaction (qRT-PCR) as described previously.^[@R32]^ COX-2, B7-1, MCP-1, ICAM-1, MIP-2, TNF-α, CXCL1, CXCL5, TLR4, HSP25, HSP70i and β-actin mRNAs were quantified by qRT-PCR using the SYBR green method on an iQ5 thermal cycler (Bio-Rad Labs, Hercules, CA), and using primers listed in Supplementary Table II. Detailed protocols for RNA extraction and qRT-PCR are shown in Supplementary Materials online.

Transcript stability and mRNA half life {#S17}
---------------------------------------

Stability of COX-2 mRNA under control and SA-exposed conditions in differentiated podocytes was assayed and is described in detail in Supplementary Materials online.

Protein extraction, SDS PAGE, and western blotting {#S18}
--------------------------------------------------

Podocyte extracts were prepared and processed for SDS-PAGE followed by western blotting as previously described.^[@R32]^ Detailed protocols for protein extraction, SDS-PAGE, western blotting and antibodies used are described in Supplementary Materials online.

Statistical analyses {#S19}
--------------------

Statistical significance was determined by the unpaired Student\'s t test for single comparisons and one way ANOVA or two way ANOVA for multiple group comparisons, using the GraphPad Prism software version 6.00 for Windows. P values are indicated in the respective figure legends (\*P\<0.05, \*\*P\<0.01 and \*\*\*P\<0.001; \*P\<0.05, \*\*P\<0.01 and \*\*\*P\<0.001). Experiments were performed at least three times, and either the representative blots are shown or the data are presented as mean ± SEM.
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![SA-overload in rats induces proteinuria and glomerular expression of COX-2, pro-inflammatory and stress genes. A) Urinary protein/creatinine ratios (UP:CR) of the BSA-treated rats vs control rats (n=3 for each group; \*P\<0.05 versus control, determined by two way ANOVA Tukey\'s multiple comparisons test). **B)** Massive amounts of urinary albumin are excreted from BSA-treated rats but not control rats (representative gels are shown from each group). Urine was collected on five consecutive days and equal volumes (4 μl) analyzed by SDS-PAGE and Coomassie Brilliant Blue staining. **C)** Urinary albumin/creatinine ratio (UA:CR) of the BSA-treated rats vs control rats (n=3 for each group; \*P\<0.05 versus control, determined by two way ANOVA Tukey\'s multiple comparisons test). **D)** Total RNA was extracted from the isolated glomeruli of control and BSA-treated rats and relative mRNA levels of COX-2, pro-inflammatory and stress genes were measured by qRT-PCR and normalized to β-actin (\*P\<0.05, \*\*P\<0.01 and \*\*\*P\<0.001 versus control, determined by t test).](nihms-593219-f0001){#F1}

![SA induces COX-2, pro-inflammatory and stress genes in cultured podocytes. **A)** Serum-starved podocytes were exposed to 40 mg/ml BSA for 4 h and 24 h, and relative mRNA levels of COX-2, pro-inflammatory and stress response genes were measured by qRT-PCR and normalized to β-actin (\*P\<0.05, \*\*P\<0.01 and \*\*\*P\<0.001 versus time matched control, determined by t test). **B)** Podocytes were maintained in culture medium containing FBS or serum-starved O/N, and exposed to 40 mg/ml of BSA for 4 h and subjected to immuno-blot analysis for COX-2 and GAPDH. **C)** Serum-starved podocytes were exposed to 40 mg/ml BSA, human serum albumin (HSA) and Ovalbumin (OVA), and harvested at indicated time points. Protein extracts were analyzed for COX-2 and GAPDH (shown as loading control for a representative blot). **D)** Serum-starved podocytes were exposed for 4 h to increasing concentrations of BSA as indicated, and mRNA levels of COX-2 were measured by qRT-PCR and normalized to β-actin (\*\*\*P\<0.001 versus control, determined by t test).](nihms-593219-f0002){#F2}

![SA and LPS elicit disparate COX-2 and pro-inflammatory response in podocytes. Serum-starved podocytes were treated with 1 μg/ml LPS (026:B6) for 4 and 24 h and relative mRNA levels of COX-2 and pro-inflammatory signaling genes was measured by qRT-PCR and normalized to β-actin (\*P\<0.05 and \*\*\*P\<0.001 versus time matched control, determined by t test).](nihms-593219-f0003){#F3}

![SA stabilizes COX-2 mRNA. Podocytes were exposed to 20 mg/ml BSA or medium alone (control) for 2 h, transcription was inhibited with actinomycin D (ActD) and RNA was extracted after 2 and 4 h. COX-2 mRNA levels were quantified by qRT-PCR and normalized to β--actin. Natural logarithmic (NL) values of the maximum mRNA amount were plotted against time and half-lives calculated (control: t1/2=1.8h, BSA: t1/2=6h) from the slopes of linear regression analysis which were significantly different (P\<0.001) between control and BSA groups (control: y = 0.3423\*x + 4.523, BSA: y = 0.1065\*x + 4.549).](nihms-593219-f0004){#F4}

![Signaling pathways involving kinases mediate COX-2 induction by SA. **A)** Serum- starved podocytes were treated with 20 mg/ml BSA for 1 h and subjected to immuno-blot analysis for phosphorylated (p) and total forms of p38 MAPK, ERK1/2, JNK/SAPK, MK2, HSP25 and GAPDH. **B)** Serum-starved podocytes were treated with 20 mg/ml BSA for 4 h following 1 h pre-treatment with inhibitors at 20μM for ERK1/2 (PD98059), JNK/SAPK (JNK Inhibitor II), p38 MAPK (SB 203580) and MK2 (C23). Cells were subjected to immuno-blot analysis for COX-2 and GAPDH. **C)** Serum-starved podocytes were treated with increasing concentrations of BSA as indicated for 4 h following 24 h pre-treatment with 30 ZM SB203580 (p38 MAPK inhibitor) or 10 μM C23 (MK2 inhibitor), COX-2 mRNA levels were quantified by qRT-PCR and normalized to β-actin (\*\*\*P\<0.001 versus control; \*\*P\<0.01 and \*\*\*P\<0.001 versus BSA, determined by one way ANOVA). **D)** Serum-starved podocytes were treated with 20 mg/ml BSA for 4 h following 1 h pre-treatment with inhibitors at 5μM for AMPK (Compound C), NFκB (NFκB-I) and PKC (PKC-I). Cells were subjected to immuno-blot analysis for COX-2 and GAPDH.](nihms-593219-f0005){#F5}

![Glucocorticoids and thiazolidinediones inhibit SA-induced COX-2. Serum--starved podocytes were treated with 20 mg/ml BSA for 4 h following pre-treatment with 1 μM dexamethasone (Dex), 10 μM rosiglitazone (Rosi) and 0.1 μM pioglitazone (Pio) for 24 h. **A)** COX-2 and GAPDH protein were visualized by immuno-blot analysis, and **B)** COX-2 mRNA levels were quantified by qRT-PCR and normalized to β-actin (\*\*\*P\<0.001 versus control; \*\*\*P\<0.001 versus BSA, determined by one way ANOVA).](nihms-593219-f0006){#F6}

![SA-associated factors contribute to COX-2 induction in podocytes. Serum-starved podocytes were exposed to 40 mg/ml of BSA, charcoal-treated FA/endotoxin-free BSA, FA/globulin-free BSA, endotoxin-free BSA, HSA and recombinant HSA made in yeast (rHSA). **(A)** Cells were harvested after 4 h, processed for SDS-PAGE and western blotting and analyzed for COX-2 and GAPDH. **(B)** Total RNA was extracted and COX-2 mRNA was measured by RT-PCR and normalized to the β-actin mRNA (\*\*\*P\<0.001 versus control, determined by t test).](nihms-593219-f0007){#F7}

![Fatty acids bound to SA contribute to COX-2 induction in podocytes. Serum-starved podocytes were exposed to 40 mg/ml of BSA, FA-free BSA, and FA-free BSA in combination with 1 mM Lauric acid (LA), 1 mM Oleic acid (OA), 1 mM Arachidonic acid (AA) and a combined fatty acid supplement at 5, 2.5, 0.5 and 0.05 μl/ml cell culture media. Cells were harvested after 4 h, total RNA was extracted and COX-2 mRNA was measured by RT-PCR and normalized to the β-actin mRNA (\*P\<0.05 and \*\*P\<0.01 versus control; \*P\<0.05 and \*\*\*P\<0.001 versus FA-free BSA, determined by t test).](nihms-593219-f0008){#F8}

![Delipidation of BSA attenuates proteinuria and podocyte damage. A) Urinary protein/creatinine ratio (UP:CR) of the control, BSA-treated and FA-free BSA-treated rats (n=3 for each group; \*P\<0.05 versus control, determined by two way ANOVA Tukey\'s multiple comparisons test). **B)** Representative gels from each group show that only small amounts of albumin are excreted from FA-free BSA-treated rats, while BSA treated rats excreted massive amounts of albumin in their urine compared to control rats. Urine was collected on five consecutive days and equal volumes (2.5 μl) analyzed by SDS PAGE and Coomassie Brilliant Blue staining. **C)** Urinary albumin/creatinine ratios (UA:CR) from control, BSA-treated and FA-free BSA-treated rats (n=3 for each group; \*P\<0.05 versus control, determined by two way ANOVA Tukey\'s multiple comparisons test). **D)** Cultured podocytes were exposed to media (control) or 40 mg/ml BSA and FA-free BSA for 0, 1, 2, 3, 4 and 7 days and assayed for cell viability using MTT (\*P\<0.05, \*\*P\<0.01 and \*\*\*P\<0.001 versus control; \*\*\*P\<0.01 and \*\*\*P\<0.001 versus FA-free BSA, determined by two way ANOVA Tukey\'s multiple comparisons test).](nihms-593219-f0009){#F9}

![Proposed schematic of COX-2 as a mediator of podocyte injury by SA and protection by GCs, TZDs and MAPK inhibitors. Serum Albumin (SA) exists as a complex entity and along with its associated factors (i.e. fatty acids, hormones, vitamins and bilirubin etc., depicted as ▲/ ■ / ● on SA molecule on left), it induces COX-2 in podocytes. This is coupled with an increase in phosphorylation (P) of kinases p38 MAPK, ERK1/2, MK2 and its downstream substrate HSP25. Inhibitors to p38 MAPK, MK2, ERK1/2, AMPK and PKC (depicted in rectangles) down-regulate SA-induced COX-2. Glucocorticoids (GCs) and thiazolidinediones (TZDs), which are known to protect podocytes against injury, also inhibit SA- induced COX-2. They have been previously shown to attenuate MAPK signaling and also impart their trans-repression activities via coupling of their respective ligand-bound receptors (GR and PPARγ) with NFκB to block COX-2 expression via the NFκB response element on COX-2. NFκB (p65 subunit) is over-expressed following SA-exposure and NFκB inhibition down-regulates SA-induced COX-2.](nihms-593219-f0010){#F10}

###### 

Table I Description of genes analyzed in this study

  ---------- ----------------------------------------------------------------------------
  Gene       *Gene Description (Protein)*
  *Ptgs2*    Prostaglandin-endoperoxide synthase/Cyclooxygenase-2 (COX-2)
  *Cd80*     Cluster of Differentiation 80 (B7-1)
  *Ccl2*     Chemokine (C-C motif) ligand 2/Monocyte Chemotactic Protein-1 (MCP-1)
  *Icam1*    Intercellular Adhesion Molecule 1 (ICAM-1)
  *Cxcl2*    Chemokine (C-X-C motif) ligand 2/Macrophage Inflammatory protein 2 (MIP-2)
  *Tnf-a*    Tumor Necrosis Factor-a (TNF-a)
  *Cxcl1*    Chemokine (C-X-C motif) ligand 1 (CXCL1)
  *Cxcl5*    Chemokine (C-X-C motif) ligand 5 (CXCL5)
  *Tlr4*     Toll-like receptor 4 (TLR4)
  *Hspb1*    Heat Shock Protein 25 (HSP25)
  *Hspa1a*   Heat Shock Protein 70 (HSP70i)
  *Actb*     β-Actin
  ---------- ----------------------------------------------------------------------------
